Physical

A_aina of Polymers
The traditional means to assess and quantify the effects of physical aging on mechanical properties is through a series of sequenced creep (constant load) and recovery tests (Struik, 1978 
where So, is the initial compliance, J_ is a shape parameter, t is time, and _" is the relaxation time.
As shown in Figure 2a (and more explicitly in the isochronal plot in Figure2b) , the material is stiffer (or lesscompliant) at any given testtime as aging time progresses. In nearly all casesof aging of polymers and PMC's it is possible to bring the momentary creep curves measured at different aging times into superpositionthrough a horizontal shift.* This result is akin to the wellknown time-temperaturesuperposition principle (Ferry, 1980) . If the aging time shift factor, ate, is plotted as a function of aging time on a double-log scale, it is found to map a straight line with a slope of # as shown in Figure 3 . The shift rate, g,
usually has values on the order of unity, and can be considered to be a material constant. Thus, a series of creep tests fas in Figure  2a ) can be used to experimentally determine the value of the shift rate,/J, for any given material.
Since the momentary creep curves superpose through horizontal shifting on the log scale.
the only parameter which changes as a function of aging time is the relaxation time.
In terms of the mathematical expression of compliance in Equation (1), the momentary material properties then vary with aging time according to
where fete/is the reference aging time, r(te) = r(terq ) /ate at¢,#= 1 and the aging time shift factor is given by
A small vertical shift is also sometimes needed in order to achieve ideal superposition. The "effective" time increment can then be defined (Morland and Lee, 1960; Struik, 1978) d_. = afo ( t )dt
and the total test time can be reduced to the "effective time" (or "reduced" time), t = fato(_)d_.
0
Integration of (8) using (6) leads to two distinct expressions for effective time
(8)
Using the effective time in place of real time in Equation (3) Feldman, 1993) .
In this respect, it should be noted that the aging and effective time theory is selfconsistent and shift rates exceeding one are both physically and mathematically permissible. As the shift rate increases from a value of unity, the effective time 1 decreases and if the shift rate were allowed to obtain the physically unrealistic value of infinity, the effective time would be zero and the compliance of the material would equal the initial compliance at all times. 
Aaina to Eauilibrium
If te > t_, however, then the calculation of the shift factor (and therefore the relaxation time) must account for the change in shift rate after aging into equilibrium. Expressing N2 and #I as the slopes of the double-log shift .factor -aging-time curve (Figure 6 ), log at_ -log at; log at; -log at,,_ 
The integration for the effective time calculation from equation (8) must be separated then into two parts. For t < t, the shift factor is as given for equation (6),
but for t > t the calculation must proceed along the lines as for equation (15), yielding
¢,; at'(t>t)=(t°--6-e-e-e-e-e-_ _) tTJ u9_
Combining, the effective time for to < te is
where ato (t°) = 1. This can be solved explicitly to yield
If to > te, the effective time for long-term response can be calculated much more readily.
Again defining ato (t°) = 1, Equation (8) applies directly and d_.
Equations (12) and (16) can be used quite accurately to predict the momentary response of the aging data of a polymer or a composite aged to equilibrium (illustrated in Figure 2a , where the curves coincide with experimental data points). Figure 7 shows the results of the long-term predictions using equations (21) log a = log ate + log'_T ,
where ate is the aging-time shift factor as defined by equation (5) . (3) or (10), (4) and (5) Note that the S-matrix will generally be fully populated and all of the terms will be timedependent, in contrast the S-matrix. Consequently, due to the complex interaction of all these terms and the independent time parameters (B and 1:) of $22 and $66, the long-term compliance of a lamina with a given fiber angle cannot be intuitively predicted.
<,,>]
To illustrate the complexity of long term lamina response, consider the following example using IM7-8320 data ( Figure 11 shows the same results shifted down uniformly to the 0°curve. In this figure, one sees that the long time response does not consistentlyfollow a "simple" rule that the 0°compliance changes the least (none) with time, all others increasingly more so to a maximum with the 90" lamina. 
and substitution of equation (38) 
